Summary:
The activity of xanthine dehydrogenase/xanthine oxidase has been a target of considerable interest. In the metabolic pathway of purines, XO catalyzes the oxidation of xanthine and hypoxanthine to uric acid and thereby produces reactive oxygen metabolites. It is proposed that endothelial cells are major stores of XD and its converting XO form that, during ischaemia/reperfusion injury, generates free radicals and causes direct damage to vascular endothelium, whilst the circulating XO may lead to subsequent damage to other remote organs. As hyperlipidaemia ultimately leads to endothelium damage in the blood vessel, the activity of XO was examined in patients with hyperlipidaemia, diabetes, and hypertension. Given the parameter values of cholesterol, triglycerides, LDL-cholesterol and HDL-cholesterol, the patients were divided into groups on the basis of hyperlipoproteinaemia types according to Fredrickson. The most frequent types of HLP were IIa, IIb and IV. The activity of XO revealed a significant increase in the serum of all three patients groups, as well as in all types of HLP as compared to healthy subjects. A significant positive correlation was noticed between the activity of XO and atherogenic lipids and a negative correlation with protective HDL cholesterol. A significant decrease in XD activity was identified in patients of all three groups and in all HLP types. The activity of XD correlated inversely with atherogenic lipids and positively with HDL cholesterol. The end product of purine metabolism, uric acid, showed a significant increase in the serum of all three patients groups, as well as a positive correlation with XO activity and a negative correlation with XD activity. Given the results of the study, it may be concluded that the activity of XO is a significant biochemical parameter and a marker of the extent of endothelium damage in atheromatose blood vessels, the fact that may be a novel diagnostic approach to atherogenesis and modification of hyperlipidaemia treatment in clinical practice.
role in the pathogenesis of tissue damage by production of superoxide anion, hydrogen peroxide, and hydroxyl radical (6) .
It is proposed that endothelial cells are major stores of XD and its converting XO form that, during ischaemia/reperfusion injury, generates free radicals and causes damage to vascular endothelium. Damaged endothelial cells release a circulating XO that causes direct damage to endothelium, activates inflammatory cells, and produces reactive metabolites in the antioxidant-deficient plasma (7).
In hypoxic conditions, developed as a consequence of atherosclerotically altered blood vessels, both in vitro and in vivo, XD converts to XO. Hyperlipidaemia (HLP) may be primary, that is, of genetic origin (8) , if caused by increased concentrations of specific lipoprotein classes in the serum, such as LDL, VLDL, chylomicrons, and Lp(a), and secondary if resulting from metabolic and endocrine disorders, infectious and malignant diseases, as well as the lifestyle and nutrition. Disturbances in the synthesis, transport and catabolism of lipoprotein particles are manifest through a total six HLP types, whilst common diseases that cause disruption in lipid metabolism are diabetes mellitus and hypertension (9) . The oxidative modification of atherogenic LDL particles either in the blood vessel lumen or subendothelial space, as well as a decelerated delipidation cascade of VLDL triglyceriderich particles, followed by formation of a remarkably atherogenic LDL III subfraction, increases the risk of atheromatose plaque formation, damage to the blood vessel wall, and lesion to endothelial cells (10) . Hypoxia in hyperlipidaemia and energy depletion caused by degradation and decrease of ATP, in addition to increased production of substrates, lead to an increased conversion of XD to XO.
Considering the existing close link between oxidative stress and disturbed lipid metabolism, the aim of this study was to examine the effects of interrelated action between XO activity and hyperlipidaemia, as well as the role of XD/XO in atherogenesis.
Material and Methods
The study included 71 patients with HLP, 52 patients with diabetes mellitus, and 52 patients with hypertension -a total of 175 subjects. The control group comprised 55 healthy volunteers. All patients were taken the body mass index (BMI) and blood pressure. The blood pressure values were within the highest normal range in 90% of HLP patients, whilst hypertension occurred in 30% of diabetic patients and 100% of hypertensive patients. On the basis of their lipid status, all the subjects were grouped into HLP types according to Fredrickson, types IIa, IIb and IV being the most frequent.
After a 12-hour fast, venous blood was taken for the purpose of determining the lipid status and other biochemical parameters. Of routine biochemical parameters in the serum of patients, total cholesterol (HOL), triglycerides (TG), HDL-cholesterol (HDL-c), LDL cholesterol (LDL-c), glucose, uric acid, and total proteins were determined by commercial tests. Of specific enzymes, XO and XD were monitored.
The activity of XO was determined spectrophotometrically, using the UV test, according to the method of Kizaki and Sakurada (11) , by measuring the concentration of uric acid released from the xanthine substrate at 292 nm.
Concomitant with the examination of XO that makes use of molecular oxygen to accept electrons, the activity of XO+XD was determined employing the method of Kizaki and Sakurada (11) . Given the fact that XD makes use of NAD to accept electrons, 0.5 mmol/L of NAD was added to xanthine substrate solution (12) . A difference between XO+XD and XO activity was adequate to XD activity.
The obtained results were processed with standard statistic tests (mean value, standard deviation, Student's t test, Wilcoxon-Mann-Whitney test, and the coefficient of correlation) by a statistic computer programme.
Results
On the basis of BMI, all the examined patients were obese. The monitoring of blood pressure revealed that 90% of patients in the HLP group had the values within the highest normal range. Hypertension was registered in 30% of diabetic patients and in all hypertensive patients.
The examination of lipid status parameters in HLP patients showed that cholesterol in the whole HLP group was significantly increased compared to controls (7.12 ± 1.50 mmol/L vs. 4.9 ± 0.4 mmol/L) (p<0.001) at the expense of the increased level of cholesterol in Type IIa (p<0.001) and Type IIb (p<0.001). A statistically significant increase in cholesterol was also registered in patients with diabetes (6.92 ± 1.60 mmol/L) and hypertension (6.49 ± 1.30 mmol/L) (p<0.001) as a consequence of its increase in types IIa and IIb (Figure 1 ).
Triglycerides show a significant difference in the whole HLP group (2.90 ± 0.90 mmol/L vs. 1.34 ± 0.40 mmol/L) (p<0.001), as well as in types IIb and IV of HLP (p<0.001 for both) compared to healthy subjects. A significant increase in triglycerides in diabetics (2.84 ± 0.90 mmol/L) and hypertensive patients (2.48 ± 0.95 mmol/L) is a consequence of the increase in triglycerides in types IIb and IV of HLP.
Protective HDL cholesterol markedly decreases in the group with hyperlipoproteinaemia compared to the control (1.06 ± 0.30 mmol/L vs. 1.30 ± 0.20 mmol/L) (p<0.001) and is also significantly decreased in types IIa, IIb and IV (p<0.05, p<0.05 and p<0.001), whilst a significantly decreased HDL in diabetic and hypertensive patients is a result of its decrease in types IIb and IV ( Figure 1 ).
Atherogenic LDL cholesterol records a significant increase in the whole hyperlipoproteinaemia group compared to control values (4.73 ± 1.30 mmol /L vs. 3.20 ± 0.30 mmol/L) (p<0.001), being the result of this parameter increase in types IIa and IIb (p<0.001 for both). This parameter behaves in the same manner in patients with diabetes and hypertension.
The activity of XO is markedly increased in the group of hyperlipoproteinaemic patients (9.56 U/L; 6.89 -12.33 U/L) compared to healthy subjects (6.0 U/L; 2.35 -7.88 U/L) (p<0.001). XO activity marks a significant increase in types IIa (p<0.05), IIb (p<0.001) and IV (p<0.01) ( Table I) .
The activity of XD shows a significant decrease in hyperlipoproteinaemic patients (10.16 U/L; 6.65 -14.25 U/L) compared to controls (13.66 U/L; 11.54-17.42 U/L) (p<0.001). A significant reduction in XD activity occurs in Type IIb (p<0.001) and Type IV (p<0.05) ( Table I ). The analysis of Table I demonstrates a significant increase in the activity of XO in patients with diabetes (11.36 U/L; 9.04-14.91 U/L) compared to healthy population (p<0.001) at the expense of Type IIa (p<0.05), Type IIb (p<0.001) and Type IV (p<0.01), and a significant decrease in XD activity (6.83 U/L; 4.04 -9.04 U/L) (p<0.001) due to the activity decrease in types IIa (p<0.001), IIb (p<0.001) and IV (p<0.05). In patients with hypertension, XO activity is also increased at the expense of types IIa (p<0.01), IIb (p<0.001) and IV (p<0.001), whilst XD markedly decreases at the expense of the groups with an increasing XO.
The activity of XO in all groups has a significant positive correlation with HOL, TG, and LDL, and a negative correlation with HDL. The activity of XD shows a significant negative correlation with atherogenic lipids and a positive correlation with HDL.
The values of uric acid in patients of all three groups of diseases demonstrate a statistically significant increase when compared to control subjects (p<0.01). The concentration of uric acid in HLP types shows a significant increase in Type IIa with diabetes (p<0.05) and hypertension (p<0.001); in Type IIb, the increase is significant in all three disease groups: hyperlipoproteinaemia (p<0.001), diabetes (p<0.01) and hypertension (p<0.001); in Type IV the concentrations are markedly increased in hyperlipoproteinaemia (p<0.001), diabetes (p<0.05) and hypertension (p<0.001) ( Table II) . A significant positive correlation should be underscored between XO activity and uric acid (r = 0.48) (p<0.001) and a significant negative correlation between XD activity and uric acid (r = -0.28) (p<0.05). 
Discussion
The increase in concentrations of cholesterol and triglycerides, that is, lipoprotein LDL and VLDL complexes, is directly proportional to the development of atheromatose lesions. High-density lipoproteins (HDL), whose preventive role in atherosclerosis has been documented by extensive undisputable evidence, show an inverse correlation (13) .
The most frequent and by far the most important consequence of lipid metabolic disorders is the one that occurs in blood vessels -atherosclerosis. Although relations between the metabolism of endogenous and exogenous lipids cannot be always anticipated, the effect of nutrition upon hyperlipidaemia occurrence is considerable, as shown by experiments on animals and epidemiologic studies on humans.
The alterations in concentrations of lipid parameters in sera of our patients correlate with literature results obtained by large studies.
On the basis of a many epidemiologic parameters and clinical parameters in the studies of primary and secondary prevention, conclusions are drawn that a higher risk of fatal and nonfatal cardiovascular disease is in direct correlation with concentrations of total cholesterol and LDL cholesterol in both sexes and in subjects up to 65 years of age and older. There is no cutoff value of cholesterol below which the risk does not appear (14) .
In »the study of 7 countries«, which includes our country as well, a strong correlation has been documented between the level of cholesterol and coronary disease incidence. On the other hand, this study confirms that coronary disease incidence is sevenfold in the countries with high values of cholesterolaemia relative to those with lower values (15).
In the MRFIT study, the mortality of myocardium infarction is fourfold in patients with cholesterol values of 7.3 mmol/L compared to subjects with values of 4.1 mmol/L. It has been therefore determined that patients with the highest values of cholesterol and LDL cholesterol (LDL is 6-10 times as higher than normal values) often die within the second decade of their life (16) .
Unlike cholesterol, the role of triglycerides as independent risk factors for the development of atherosclerosis remains controversial. In a majority of prospective and retrospective studies, a certain correlation has been established between the level of serum Table II Concentration of uric acid in sera of patients of all three groups of diseases. Results are presented as x ± SD in mmol/L. triglycerides, the incidence of hypertriglyceridaemia, and the risk of atherosclerosis development. Large epidemiologic studies, primarily the Framingham study (17) , demonstrate that triglycerides are an independent risk factor of the development of heart diseases. The Helsinki study (18) also shows that the standardized rates of coronary disease are higher in patients with Type IIb of HLP compared to those with Type IIa and Type IV of HLP. It appears that a combination of higher LDL, VLDL and triglycerides is associated with a lower level of HDL and followed by a higher incidence of coronary diseases (18) .
The risk of cardiovascular diseases in patients with high values of LDL cholesterol is twice as much as that in patients with lower values, whilst in patients with low HDL cholesterol this effect is significantly increased (13) . According to literature data, these two lipoprotein particles are considered independent risk factors of the development of the disease -the risk significantly increases parallel with LDL increase and HDL decrease (18) .
All these changes in blood vessels lead to the formation of atherosclerotic plaques that are prominent in the blood vessel lumen and that, partly or totally, block the blood circulation that results in an inadequate exchange of gases between blood and cells, leading to hypoxia. In hypoxic conditions, both in vivo and in vitro, NAD-dependent dehydrogenase is converted to the oxygen-dependent oxidase form.
After a follow-up of patients with hyperlipidaemia, our study shows that there is a highly remarkable increase (almost twofold) in xanthine oxidase activity in the group of patients with HLP (p>0.001) and hypertension (p>0.001), and more than a twofold increased activity is identified in patients with diabetes (p>0.001).
The results of monitoring XD activity in hyperlipidaemic patients reveal a statistically significant reduction in the activity of the enzyme in all examined groups (p>0.001) compared to the healthy population. The greatest fall of XD activity (p>0.001) is detected in Type IIb of HLP. Reduction in enzyme activity, whether of inferior or even identical significance, also occurs in other groups of HLP types. When the examined groups are observed and analyzed, regularity can be noticed in their behaviour: where the activity of XO increases, the activity of XD decreases. On the basis of the obtained results, xanthine dehydrogenase is presumed to convert to xanthine oxidase.
Endothelial cells are supposed to be major stores of xanthine dehydrogenase and its converting form xanthine oxidase. As atherosclerosis is a lasting process, the circulating xanthine oxidase will cause direct damage to vascular endothelium in the period of prolonged ischaemia by oxygen free radical formation. Through the activation of inflammatory cells, which produce toxic radicals, xanthine oxidase may cause subsequent oxidative damage in the plasma (7). This has been confirmed by experimental research on animals put on cholesterol-rich foods. It has been shown that hypercholesterolaemia produces thrice as much superoxide anion compared to cholesterol normal values. The oxygen radicals, formed by the activity of xanthine oxidase, block nitric oxide (NO) in endothelium, which is an additional factor for the development of atherosclerosis (19) .
By experimental studies on animals, researchers have also examined the effect of diet upon hypercholesterolaemia and reduced production of superoxide anion. The results show that the endothelium blood vessel in animals fed by cholesterol-containing foods creates 4.5 times as many oxygen free radicals compared to normal blood vessels. In the blood vessel of endothelium of animals put on diet, a reduced production of superoxide anion occurs, primarily due to endothelium capable of deleting oxygen radicals. Cholesterol decrease in these animals is markedly enhanced by blood vessel vasodilatory response to the effect of acetylcholine compared to animals with high cholesterol. Diet also contributes to the increased production of EDRF-relaxing factor and decreases the formation of oxygen free radicals, by means of which vascular integrity is preserved and development of atherosclerosis is prevented (20) .
A group of scientists researching the complications in diabetes mellitus examined the alterations occurring on endothelial and smooth muscle cells of blood vessels in 20 patients with diabetes. The obtained results showed that the production of superoxide anion in endothelium of arteries in diabetics increased up to 150%, whilst the EDRF factor of relaxation reduced down to 64% (21) .
The importance of the polyol pathway in endothelium was also stressed in conditions of permanent hyperglycaemia, the issue that has been already discussed. The oxidation of lipids in membranes will lead to autocatalytic chain reactions likely to disturb cell permeability, whereas the increase in intracellular Ca 2+ will activate Ca-dependent proteases and thereby a conversion of xanthine dehydrogenase to xanthine oxidase (22) .
Clinical and experimental studies have shown that an association exists between a high concentration of consumed sodium and arterial hypertension. As xanthine oxidoreductase occurs in hypoxia, researchers experimentally examined a relation between the activity of this enzyme and hypertension caused by a higher intake of salt. It was recorded that restriction in intake of sodium decreases the activity of xanthine dehydrogenase and xanthine oxidase to 40%, whilst treatment with allopurinol, which inhibits the activity of these enzymes, does not lead to changes in blood pressure of the examined animals, which served as the basis for the conclusion that the increase in xanthine oxidoreductase occurs as a result of hypertension or as a consequence of increased intake of salt (23) .
According to numerous reports, xanthine oxidase exists not only in the cytoplasm of cells but also on the surface of endothelial membranes. However, its localization outside cells needs to be clarified. Such examinations were done by Adachi et al. (24) , who revealed that the human XO exerts a high affinity to heparin. By intravenous injection of heparin to healthy individuals, the authors demonstrated that the human XO in plasma showed a rapid increase. This led them to the conclusion that the human xanthine oxidase is bound to the membrane of endothelial cells by a polysaccharide chain of sulfated glycosaminoglycan (heparin). It is most likely that an extracellular superoxide anion, formed by XO activity, will head for the source cell first and cause damage to it. In this way, conditions will be created for the activation of susceptible neutrophils and their adhesion to endothelium, which will further lead to the progression of oxidative damage. The resulting destruction of cells and disturbed endothelial barrier will increase 1.5 times as much the membrane permeability for albumin in developed hypoxia (25) . Hydrogen peroxide, comparatively harmless under normal conditions, enters the cell, where it interacts with a non-ferritin iron, producing a cytotoxic hydroxyl radical (OH) (26) .
Hypoxia activates the adhesive system in endothelial cells (ICAM), thereby rendering an interaction with adhesive molecules of cells, such as neutrophils, which results in their accumulation in blood vessels. Neutrophils release the converting factor elastase, which converts xanthine dehydrogenase to xanthine oxidase, resulting in oxygen free radical production (27) .
The conversion of xanthine dehydrogenase to xanthine oxidase also occurs in the contact of endothelial cells with existing pro-inflammatory cytokines, TNF-a and IL-b the result of which is the increased sensitivity of endothelium to toxic effect of neutrophils (29) . The interaction between H 2 O 2 and endothelium rapidly decreases ATP, leading to the occurrence of extracellular xanthine and hypoxanthine, whilst a decrease in ATP cannot be prevented, not even by hydrogen peroxide scavengers. The occurring synergism between proteases and H 2 O 2 is most likely to lead to cell death (30) .
Other experimental studies have also demonstrated that blood vessels in hypercholesterolaemia form and release a considerable amount of oxygen superoxide anion, and have thus supported the concept that blood vessels are susceptible to »oxidative stress« in hypercholesterolaemia and atherosclerosis (30) .
Uric acid, as a catabolic product resulting from the activity of xanthine dehydrogenase and xanthine oxidase and as one of the non-enzymatic antioxidants, also shows significant differences between the hyperlipidaemia groups and healthy controls (from p<0.01 to p<0.001). By examination of xanthine oxidase-uric acid relations, we came to the data revealing a highly dependent correlation between xanthine oxidase and uric acid, both in the group of patients with HLP and the group of patients with diabetes and hypertension.
Kooij et al. (31) hold that xanthine oxidoreductase produces uric acid that is a major scavenger of oxygen radicals. As xanthine dehydrogenase and xanthine oxidase are both present in epithelial and endothelial cells susceptible to substantial oxidative stress, the conclusion was drawn that the activity of xanthine oxidoreductase results in uric acid production in these cells, where uric acid acts as a non-enzymatic antioxidant, i.e. has a role in the organism defence system.
By the analysis of the results obtained in this study, it can be established that XO activity increases and XD activity decreases in damaged endothelium of atherosclerotic blood vessels in hypoxia, which is a likely result of the conversion of XD to XO. It can be also concluded that elevated concentration of uric acid, as a non-enzymatic antioxidative product, plays a role in protecting endothelium against further damage. It is most likely that in large and severe damages of blood vessels this mechanism becomes insufficient, requiring an additional anti-hyperlipidaemic and antioxidative therapy in blocking advancing atherosclerosis and its fatal consequences.
